Recent global warming is pronounced in high-latitude regions (e.g. northern Asia), and will cause the vegetation to change. Future vegetation trends (e.g. the "arctic greening") will feed back into atmospheric circulation and the global climate system. Understanding the nature and causes of past vegetation changes is important for predicting the composition and distribution of future vegetation communities. Fossil pollen records from 468 sites in northern and eastern Asia were biomised at selected times between 40 cal ka bp and today. Biomes were also simulated using a climate-driven biome model and results from the two approaches compared in order to help understand the mechanisms behind the observed vegetation changes. The consistent biome results inferred by both approaches reveal that long-term and broad-scale vegetation patterns reflect globalto hemispheric-scale climate changes. Forest biomes increase around the beginning of the late deglaciation, become more widespread during the early and middle Holocene, and decrease in the late Holocene in fringe areas of the Asian Summer Monsoon. At the southern and southwestern margins of the taiga, forest increases in the early Holocene and shows notable species succession, which may have been caused by winter warming at ca. 7 cal ka bp. At the northeastern taiga margin (central Yakutia and northeastern Siberia), shrub expansion during the last deglaciation appears to prevent the permafrost from thawing and hinders the northward expansion of evergreen needle-leaved species until ca. 7 cal ka bp. The vegetationclimate disequilibrium during the early Holocene in the taiga-tundra transition zone suggests that projected climate warming will not cause a northward expansion of evergreen needle-leaved species.
Introduction
Eastern, central, and northern Asia is covered by various biomes reflecting two major climatic gradients. Along the south-north temperature gradient, vegetation changes from tropical rainforest, to subtropical evergreen broadleaved forest, warm-temperate deciduous forest, temperate mixed conifer-deciduous broadleaved forest, boreal conifer forest (taiga), and ultimately to arctic tundra. In the mid-latitude areas, the biomes also reflect an east-west moisture gradient, changing from forest to steppe and to desert (Alpat'ev et al. 1976; Hilbig 1995; Hou 2001; Fang et al. 2005) . Forestfree areas are restricted to the cold end of the temperature gradient (e.g. arctic tundra in northern Siberia where mean annual temperature is lower than −6 °C) and the arid end of the moisture gradient (e.g. steppe and desert in arid central Asia where mean annual precipitation is less than 400 and 200 mm, respectively). Hence, climate is assumed to be the dominant control of modern biomes and forest distribution at a continental scale in northern and eastern Asia (e.g. Alpat'ev et al. 1976; Fang et al. 2005; Tchebakova et al. 2009 ).
A vegetation-climate disequilibrium may arise, however, if the effects of non-climatic factors (e.g. soil, fire) dominate, or biotic characteristics (e.g. biotic interactions) delay the temporal or spatial response of vegetation to a climate forcing (e.g. Normand et al. 2011; Svenning and Sandel 2013; Herzschuh et al. 2016) . In permafrost areas, for example, the summer thaw-depth may influence the occurrence of a specific biome, particularly evergreen or deciduous needle-leaf forests (e.g. Tchebakova et al. 2009; Helbig et al. 2016; Herzschuh et al. 2016) . Biome distribution can also be impacted by changes in wildfire regime (Abaimov and Sofronov 1996; Abaimov et al. 2002) . Additionally, Herzschuh et al. (2016) , based on pollen and other environmental data from northern regions of the Russian Far East, propose that interglacial vegetation (particularly the presence or absence of evergreen conifers) was influenced primarily by the environmental state of the preceding glaciation rather than the contemporaneous interglacial climate. They argue that the vegetation-climate disequilibrium is related to the combined effects of permafrost persistence, distant glacial refugia, and fire . Accordingly, the spatial and temporal complexity of biome distributions may be strongly influenced by the interaction of the various driving forces and associated feedback mechanisms (Abaimov et al. 2002; Tchebakova et al. 2009; Rogers et al. 2015) . The vegetation responses to future climate changes are likely to be characterised by feedback mechanisms that result in vegetation-climate disequilibrium at both leading and trailing edges of those changes, as represented, for example, by lags in migration and delayed local extinctions, respectively (Svenning and Sandel 2013) .
Global warming of 0.6 °C during the 20th century, translates into amplified air temperature increases (Huang et al. 2015) in northern high latitudes (Miller et al. 2010 ) and arid regions (Huang et al. 2017) , but the timing and strength of the vegetation responses in these remote areas is still poorly understood. For example, 20th century warming caused shrub expansion ("arctic greening") in northern Siberia (Sturm et al. 2001; Frost and Epstein 2014) , whereas forest cover was reduced in central Yakutia from 1982 to 2005 due to permafrost degradation (Lloyd et al. 2011 ). In the semi-arid forests of inner Asia, tree growth has declined since 1994 due to a temperature-induced reduction in effective moisture (Liu et al. 2013) . However, an increase in vegetation cover occurred between 1991 and 2000 on the Loess Plateau, especially in hilly regions (belonging to the semi-arid region), mainly as a result of ecological restoration (Sun et al. 2015) . The transition zones between forest and non-forest biomes, therefore, will likely continue to be sensitive to climate change and human impact. A better understanding of the potential responses of these biomes to future climate conditions can be gained by examining past vegetation-climate relationships from palaeobotanical proxy data and computer models.
Broad-scale vegetation reconstructions have been undertaken that focus in part on eastern and northern Asia, including biomisation reconstruction (Ni et al. 2014; Tarasov et al. 1998 Tarasov et al. , 2000 Bigelow et al. 2003; Binney et al. 2017) , pollen data mapping (Cao et al. 2015) , quantitative tree-cover reconstruction (Tian et al. 2016) , and macrofossil data mapping (Binney et al. 2009 ). These previous studies provide valuable insights into the general pattern of vegetation changes. For example, during the last glacial-interglacial cycle, besides the temperature-driven south-north shift, the forest biomes extended north-westward after the last deglaciation (particularly during the Holocene) and shrank southeastward in the late Holocene (precipitation-driven) at the margins of the Asian Summer Monsoon (Ni et al. 2014; Cao et al. 2015; Tian et al. 2016) . In northern Siberia, the forest biomes shifted into the present tundra region during the early and middle Holocene, as revealed by macrofossil- (Binney et al. 2009 ) and pollen-based vegetation reconstructions (Tarasov et al. 1998 (Tarasov et al. , 2000 Bigelow et al. 2003; Rudaya et al. 2016; Binney et al. 2017; Zhilich et al. 2017 ). However, these previous studies have either a restricted spatial extent (e.g. Bigelow et al. 2003; Binney et al. 2017) or temporal resolution (Tarasov et al. 1998 (Tarasov et al. , 2000 Bigelow et al. 2003) . In addition, they only focus on documenting past vegetation changes, while the driving factors behind them have not been investigated.
Fossil pollen datasets (Cao et al. 2013) for both eastern and central Asia and Siberia (we use Siberia in its broadest sense in this study, i.e. Russia east of the Ural Mountains) have been compiled encompassing high-quality recent pollen data with standardised age-depth models. We reconstruct biomes using 468 fossil pollen records from eastern, central, and northern Asia for selected times between 40 cal ka bp (calibrated thousands of years before present) and today, and compare these pollen-based biomes with biomes simulated in a global climate model at selected time-slices (21, 14, 9, 6, 0 cal ka bp), to (1) characterise the biome changes in space and time and (2) assess the possible mechanisms responsible for the observed changes in past vegetation.
Materials and methods

Pollen dataset
Our dataset consists of 468 records ( Fig. 1 ; all geographic locations mentioned in the text are presented in ESM Appendix 1). A fossil-pollen dataset from China and Mongolia (Cao et al. 2013 ; 271 pollen records) was expanded and now includes 297 records (222 of them have ≥ 3 dates). An additional 171 pollen records were collected from northern Asia (mainly Siberia; north of 40°N and east of 50°E). Most of the northern pollen data (138 sites) were downloaded from open database sources (e.g. the Global Pollen Database, the European Pollen Database, Pangaea). We also included original counts contributed by their authors (17 sites) and digitised percentages from published pollen diagrams (16 sites). Only dated records were included in our analyses; most of the additional records (142 sites) have ≥ 3 radiocarbon dates. Age-depth relationships were established using Bayesian age-depth modelling (BACON routine implemented in R, Blaauw and Christen 2011) . Pollen percentages were calculated based on the terrestrial pollen sum (excluding aquatic taxa but including Cyperaceae).
In previous biome-reconstruction approaches (e.g. Ni et al. 2014 ), a single time-nearest pollen sample was usually selected to represent the target time slice within a time window (time window = time slice ± half span width), which may introduce high uncertainties because pollen percentages can vary from one level to the next. In this study, the mean value of taxa from all available pollen assemblages within a time window is selected as the "pollen sample" for a given time slice. For the middle and late Marine Isotope Stage 3 (MIS3) and the early last glacial maximum (LGM), the time slices are of 40, 35, 30, 27 and 25 cal ka bp with a half-span of 3,000 years for 40 cal ka bp and 2,000 years for the other time-slices. For the period between 22 and 12 cal ka bp, biomes are reconstructed at 1,000 year intervals with half-spans of 500 years for time slices between 22 and 16 cal ka bp and 200 years for 15-12 cal ka bp. In the Holocene, 24 time slices are selected between 11.5 and 0 cal ka bp at 500-year intervals with 150-year half-spans.
Assignment of pollen taxa to biomes
Standard biomisation procedures to assign pollen taxa to plant functional types (PFTs) and then to biomes (Prentice et al. 1996; were employed for the 895 original pollen taxa in the 468 records through a global classification system of PFTs . These followed the China biome reconstructions (Chen et al. 2010; Ni et al. 2010 Ni et al. , 2014 , with some minor changes in accordance with previous biome reconstructions for Siberia (Tarasov et al. 1998 (Tarasov et al. , 2000 and arctic high-latitude regions . The 895 pollen taxa were assigned to 80 PFTs, of which 51 PFTs were used to define 19 biomes (the anthropogenic biome in Ni et al. (2014) was not used; Table 1 ; ESM Appendix 2). In contrast to the Ni et al. (2014) assignment of PFTs to biomes, we assigned arctic-shrub PFTs (including erect/prostrate dwarf shrub, low and high shrub) to the biomes of boreal forests and tundra ( Table 1 ). The PFT "bo.d.n.t." (boreal deciduous needle-leaved tree, Larix spp.) is excluded from the four boreal forest biomes except for the cold deciduous forest biome (following Bigelow et al. 2003) .
In the applied biomisation routine, pollen taxa with less than 0.5% abundance do not contribute to the calculation of the affinity score. We applied a weighting (×15) to the pollen percentages of Larix prior to calculating the affinity score (following Bigelow et al. 2003 and; Binney et al. 2017 ) to compensate for its low pollen production (Niemeyer et al. 2015) . Bigelow et al. (2003) set this weighting because it resulted in the most realistic modern distribution of cold deciduous forest in Siberia.
A landscape openness index (Tarasov et al. 2013; Zhao et al. 2015) was calculated by subtracting the maximum forest biome score from the maximum non-forest biome score, to provide a qualitative assessment of changes in vegetation cover. A positive value indicates the dominance of non-forest biomes in the surroundings of the pollen site and increasing values indicate the landscape becoming more open.
Climate modelling and biome simulations
To assess the potential bioclimatic drivers leading to the vegetation change in northern and eastern continental Asia, we compared the reconstructed vegetation with simulated biome distributions that are based on five time-slice simulations from a global climate model (21, 14, 9, 6, 0 ka bp). For this purpose, we used a consistent set of climate simulations generated from the comprehensive atmosphere-oceanvegetation model COSMOS. Specific boundary conditions such as orbital parameters (Berger 1978) and land-surface topography or greenhouse-gas concentrations were prescribed according to the PMIP3 protocol (http://pmip3. lsce.ipsl.fr/) and/or reconstructions for the different time slices. CO 2 -concentrations were set to 185 ppm for 21 ka bp, 240 ppm for 14 ka bp, 265 ppm for 9 ka bp, and 280 ppm for 6 and 0 ka bp. Further details on the model and climate simulations are described in ESM Appendix 3.
The simulated climate states have been used as forcing factors for the terrestrial biosphere model BIOME4 (Kaplan 2001; Kaplan et al. 2003 ) that calculates the equilibrium biome distribution for a prescribed climate, taking biogeographical and biogeochemical processes into account. Basic input variables are mean monthly temperature, cloud cover (sunshine), precipitation, absolute minimum temperature, atmospheric CO 2 -concentration, and physical properties of soil such as water-holding capacity and percolation rates. BIOME4 distinguishes 28 different biomes that are further grouped into 12 mega-biomes in this study. The model has been slightly modified and recalibrated to better represent the regional biome distributions in eastern and northern Asia (Dallmeyer et al. 2017) .
As a reference simulation for the pre-industrial biome distribution, BIOME4 has been forced with an atmospheric CO 2 -concentration of 280 ppm and the mean monthly climatology of the University of East Anglia Climatic Research Unit Time Series 3.10 (CRU TS3.10, Table 1 Assignment of plant functional types (PFTs) to biomes. A PFT in bold indicates a new addition to the PFT-Biome assignment in Ni et al. (2014) from referenced biome studies for northern Asia (Tarasov et al. 1998 (Tarasov et al. , 2000 Bigelow et al. 2003 cd.mb.eds, ar.cd.mb.lhs, ar.cd.mb.pds, ar.e.mb.eds, ar.e.mb.lhs, ar.e.mb.pds, ar.e.n.lhs, ar.e.n.pds, g, s, bo.e.mb.lhs, bo.cd.mb.lhs, bo.e.n.lhs University of East Anglia, 2008 , Harris et al. 2014 . Given the high spatial resolution (0.5°×0.5°) of the CRU TS3.10 data, this dataset better resolves the complex climate gradients along the Asian orography and thus provides a more reliable climate background than pre-industrial climate reconstructions or simulations. A detailed discussion on the model performance and the reference simulation is given in Dallmeyer et al. (2017) . The biome distributions for the other time-slices have been calculated using an anomaly approach (Dallmeyer et al. 2017) , i.e. the absolute differences between the mean monthly climatologies for each time-slice and the simulated pre-industrial climate have been added to the reference dataset. In the case of a negative value in the precipitation or cloudiness anomalies, these variables have been set to zero in the respective grid-boxes. The main advantage of the anomaly approach is the preservation of the regional, orography-induced climate pattern, although the complex Asian orography is not resolved at the coarse spatial resolution used in the climate model (Harrison et al. 1998) . Furthermore, the influences of systematic climate biases on the biome distributions are minimised. Atmospheric CO 2 -concentrations for other time slices (21, 14, 9, 6 cal ka bp) were set following the prescribed concentrations in the climate simulations. The absolute minimum temperature (T min ) was calculated from the mean temperature of the coldest month as described in Prentice et al. (1992) .
To determine which climate variables are responsible for the biome shifts simulated by the model, we conducted a sensitivity study. Biome simulations were repeated for one time slice but we successively replaced the climate variables of the respective time-slice input data with one or more climate variables of the following time-slice. The biome differences between the modified run and original run should be caused by the changed climate variable. For instance, to test the sensitivity of biome distribution to precipitation change during the late Holocene (between 6 and 0 ka bp), we created an input dataset containing the 2 m-temperature, cloud cover, and absolute minimum temperature of the 6 ka data-set, but with the precipitation distribution of the CRU TS3.10 dataset for 0 ka bp (following Dallmeyer et al. 2017) .
Results
General patterns of pollen-based biome reconstructions at a broad spatial scale
After the compilation of the original 21,682 fossil pollen samples from the 468 pollen records into 40 time windows, 5,734 pollen assemblages were obtained. The occurrence of each biome is presented in Table 1 . The biomes tropical semi-evergreen broad-leaved forest (16 occurrences) and tropical evergreen broad-leaved forest (5 occurrences) were combined into a new biome called tropical semi-evergreen/ evergreen broad-leaved forest. The single occurrence of cushion-forb tundra was included in the biome graminoid and forb tundra (308 occurrences) and the biomes prostrate dwarf shrub tundra (96 occurrences) and erect dwarf shrub tundra (2 occurrences) were combined into the biome prostrate/erect dwarf shrub tundra (Table 1) .
During the middle and late MIS 3 (represented by time slices 40, 35, 30, and 27 cal ka bp), forest biomes dominate only in the south-eastern parts of the study area and on the mid-latitude Pacific coast, while low and high shrub tundra and graminoid and forb tundra are broadly distributed across north-eastern Siberia. The inferred biome distribution for central Asia (including north-western China, south and south-western Mongolia, and northern Kazakhstan) is highly variable both temporally and spatially. Compared with late MIS3, steppe extends further east and dominates the landscape in north-central China (including the North China Plain, the Loess Plateau, and southern parts of the Mongolian Plateau) during the LGM (represented by time slices 25, 22, 21, and 20 cal ka bp). Furthermore, graminoid and forb tundra dominates the landscape in north-eastern Siberia, while low and high shrub tundra is reduced. During the last deglaciation (represented by time slices between 14 and 12 cal ka bp), forest biomes extend north-westward into the forest-steppe transition zone of China (north-central China), and low and high shrub tundra dominates all of Siberia. At the start of the Holocene, forest biomes are distributed throughout most of the study area except central Asia. Changes between forest-and non-forest biomes are strongest in the tundra-taiga transition zone in northern Siberia (Focus area 1), the forest-steppe transition zone in the southern West Siberian Plain and Baikal region (Focus area 2), and the forest-steppe transition zone in north-central China (Focus area 3) . A more detailed description is provided for these three focus areas below.
Focus area 1: biome transitions in the tundra-taiga transition zone in northern Siberia
During the middle and late MIS 3, low and high shrub tundra and graminoid and forb tundra dominate the landscape. Cold deciduous forest is reconstructed at one site near the southeastern coast (Olsky District). Low and high shrub tundra is replaced by graminoid and forb tundra during the LGM. During the last deglaciation, low and high shrub tundra dominates the landscape. From 13 cal ka bp, forest biome scores increase as reflected by the decrease in the landscape openness indices. At the beginning of the Holocene, cold deciduous forest appears in central Yakutia, and cold evergreen needle-leaved forest appears in the Olsky District and the Stanovoy Range. During the early Holocene, cold deciduous forest and cold evergreen needle-leaved forest spread north and east, with cold deciduous forest becoming established along areas of the modern northern coast. The landscape is still open as revealed by the relatively high openness indices in the early Holocene, albeit less than at 0 ka. Cold evergreen needle-leaved forest establishes in central Yakutia at ca. 7 cal ka bp, associated with higher openness indices. Cold-temperate evergreen needle-leaved and mixed forest appears in central Yakutia at ca. 6.5 cal ka bp (Figs. 2, 3 , ESM Appendices 4 and 5).
Focus area 2: biome transitions in the taiga-steppe transition zone of the southern West Siberian Plain and Baikal region
During the middle and late MIS 3, evergreen needle-leaved forests occur as revealed by the only available site from the region. The few available pollen records indicate an open landscape during the last glacial period on the southern West Siberian Plain. From ca. 12 cal ka bp, forest biomes reappear, being a mixture of cold deciduous forest and cold evergreen needle-leaved forest, while the landscape is still open. From ca 7.5 cal ka bp, cold deciduous forests disappear, while cold-temperate evergreen needle-leaved and mixed forest and cool evergreen needle-leaved forest flourish within a forested landscape during the middle and late Holocene.
The landscape is also quite open before the Holocene in the Baikal region and the Altai Mountains. The Baikal region is covered by forest biomes throughout the Holocene, although the precise biome type changes notably. In the early Holocene (before ca. 6.5 cal ka bp), cold evergreen needleleaved forest is the main biome with sporadic occurrence of cold deciduous forest, whereas during the late Holocene, cold-temperate evergreen needle-leaved and mixed forest becomes the main biome type, with cold evergreen needleleaved forest as a subordinate biome. Cold evergreen needleleaved forest appears in the Altai Mountains from 9.5 cal ka bp as the single biome type, indicating biome stability since the early Holocene (Figs. 2, 3 , ESM Appendices 4, 5).
Focus area 3: forest-steppe transition zone in the fringe areas of the Asian summer monsoon
Only one available site on the Loess Plateau covers the late MIS 3. It reveals forest biomes of cold evergreen needleleaved forest or cold-temperate evergreen needle-leaved and mixed forest. During the LGM (from 22 to 17 cal ka bp), steppe is the dominant biome on the eastern Tibetan Plateau, the Loess Plateau, and in north-central China. During the last deglaciation, forest biomes, in particular cold and cool evergreen needle-leaved forests, re-appear. Forest biomes dominate during the early and middle Holocene (from 10.5 to ca. 4 cal ka bp). During the late Holocene, particularly after ca. 2 cal ka bp, the areas of forest biome reduce and steppe increases with increasing landscape openness indices in north-central China and on the eastern Tibetan Plateau (Figs. 2, 3 ; ESM Appendices 4 and 5). time-slices (21, 14, 9, 6, 0 ka) The patterns of the model-estimated biome distributions for the five key time-slices are in general agreement with the pollen-based biome reconstructions ( Fig. 4 ; ESM Appendix 6), although marked differences occur between some model-estimated and pollen-based biomes: (1) on the Tibetan Plateau-the tundra estimated by the model includes shrub tundra and steppe tundra mainly, while pollen-based results reveal steppe and forb tundra (we consider that the main compositions (e.g. Cyperaceae, Poaceae) are similar between these tundra and steppe types, hence we do not discuss the difference for the Tibetan Plateau); (2) in central Yakutia-a different extent of cold evergreen forest; and (3) in the forest-steppe transition zones in north-central and north-western China, southern and southwestern Mongolia, and northern Kazakhstan-different extent of steppe.
Model-based biome simulations, model-data comparison and inference of climate drivers for key
During the LGM (represented by the 21 ka time-slice), large parts of northern Asia (north of 60°N) are covered by tundra reflecting the generally cold and dry LGM climate (see ESM Appendix 7 for the climate for each of the five time slices). A belt of deciduous taiga is located between ca. 45°N and 60°N. Cold, temperate and warm forest biomes are restricted to south-eastern China, whereas grassland dominates north-central China, similar to the pollen-based results. The central Asian desert reaches far to the north (up to 65°N), which cannot currently be independently assessed because palynological data are not available from this region.
The biome distributions shift slightly between the LGM and the last deglaciation (represented by the 14 ka timeslice); the changes are generally consistent with the pollenbased results (ESM Appendix 6). Less precipitation (by up to 300 mm/year) on the Tibetan Plateau and in northeastern China may explain the expansion of the reconstructed desert biome in these regions at 14 ka. A sensitivity study (Fig. 5 ) reveals that the generally warmer climate (up to 4 °C) at 14 ka compared to the LGM leads to a replacement of icedesert by tundra biomes in northeastern Siberia and along the northern coast. Grass and shrubland biomes slightly expand in western Siberia as growing degree days exceed the upper limits of boreal forest in the warmer climate. Furthermore, warm forest biomes spread northwards in southeastern China, induced by the post-LGM temperature increase (ESM Appendix 7). Deciduous taiga expands northwards and into the desert and shrubland regions in western Siberia. According to the sensitivity study, the slight northward expansion is related to the warmer climate at 14 ka as compared to the LGM. The replacement of desert/shrubland at this time can be related to either increased precipitation or an ecophysiological response to increased atmospheric CO 2, because the wateruse efficiency of plants is enhanced at higher CO 2 levels. The CO 2 -effect may also be responsible for the spread of temperate and cold forest biomes in eastern China and the appearance of evergreen taiga in northeastern China. The model results suggest that in Siberia as a whole, evergreen taiga is absent as winters are either too dry or too cold around 14 ka.
The distributions of the simulated biomes change markedly from the last deglaciation to the early Holocene (represented by the 9 ka time-slice), consistent with the pronounced climate change (ESM Appendix 7). Most striking is the broad-scale replacement of tundra biomes in northern Asia by forests. The sensitivity study suggests that the temperature increase is responsible for the tundra displacement only in southern Siberia and along the northwestern Siberian coast. In contrast, the widespread presence of forest in central Siberia, the southward expansion of cool/cold forest into the West Siberian Plain, and the vast spread of evergreen taiga can be explained by the joint effect of warmer climate plus increased precipitation. This tendency for forest biome reorganisation is supported by the pollen records, although too few records are available from most areas to resolve the biome transitions in great detail.
In line with the reconstructions, cool/cold forest biomes occur further north in the 9 ka simulation than at 14 ka, caused by increasing temperatures. More precipitation (up to 300 mm/year higher at 9 ka compared to 14 ka) results in a retreat of the desert area and an expansion of grassland and shrubland on the West Siberian Plain as well as a shift of the forest and steppe belt into the desert-steppe transition zone along the margins of the East Asian Monsoon. Furthermore, the model reveals a northward expansion of grasslands from north-central China into central Yakutia, which is hinted at in the site biomisations. According to the sensitivity study, this change originates from increased temperature in the southern part of the study area (i.e. the region around Lake Baikal) and from the joint effect of temperature and precipitation increases in the drier northern parts of south-central Yakutia.
Simulated vegetation changes only slightly from the early to middle Holocene (represented by the 6 ka time-slice), in line with pollen results. The forest belts in Western Siberia retreat southward and are replaced by tundra along the northern coast. Taiga forest in central Yakutia expands at the expense of grassland. According to the sensitivity study, these changes could be exteriorly driven by decreasing temperatures (Figs. 4, 5) .
During the late Holocene (from 6 to 0 ka), the cooling temperature of the boreal regions and associated reduction in growing degree days results in a southward shift of the taiga-tundra margin and the cool/cold forest biome in Western Siberia (Fig. 4) . Furthermore, tundra replaces portions of the deciduous taiga in northeastern Siberia. Decreased precipitation related to a weaker East Asian Summer Monsoon at 0 ka leads to an increase in desert biome and an eastward retreat of shrubland and grassland and forests in north-central China.
Pollen-based reconstructions from central Yakutia show a high spatial and temporal heterogeneity, while the modelled results are more stable. Reconstructed biomes for this region mostly do not match the modelled biomes ( Fig. 4 ; ESM Appendix 6).
Discussion
Reliability of pollen-based biome reconstruction
We consider the biome reconstructions at the continental to sub-continental scale to be reliable. The pollen datasets used in this study have been carefully assessed and the assignment of pollen taxa to biomes is based on a widely accepted global classification system of plant functional types (PFTs) ) with some minor modifications (Tarasov et al. 1998 (Tarasov et al. , 2000 Bigelow et al. 2003; Ni et al. 2014; Binney et al. 2017) . The results presented here are in agreement with previous biomisation (e.g. Binney et al. 2017) and macrofossil studies (e.g. Binney et al. 2009 ). However, two aspects may limit the accuracy of the presented biome reconstructions and these can help explain the mismatch between the two biome reconstruction approaches.
1. Pollen taxa composition differs from the taxa composition in the vegetation of the source region in the study region as confirmed by regional studies of pollen productivity estimates (e.g. Wang and Herzschuh 2011; Xu et al. 2014; Niemeyer et al. 2015) . In particular, Larix is strongly under-represented in the pollen spectra due to low productivity and poor dispersal and preservation (Niemeyer et al. 2015) . Accordingly, a weight of ×15 was used for Larix (following Bigelow et al. 2003; Binney et al. 2017) , while this issue was ignored for other taxa. The various pollen representations could be a major reason for the inconsistency between pollen- Liu et al. 1999; Xu et al. 2007) (Fig. 4) . 2. The taxonomic resolution may have affected the biome reconstruction results, particularly with respect to taxa that comprise both shrub and tree forms such as Pinus, Alnus and Betula, and could also to some extent cause a mismatch between pollen-based and simulated biomes. For example, in Siberia, the genus Pinus is represented by three major species with different life forms and from different bioclimatic zones: Pinus sylvestris (light taiga tree from the Diploxylon subgenus), Pinus sibirica (dark taiga tree from the Haploxylon subgenus), and Pinus pumila (north-east Asia high shrub species also from the Haploxylon subgenus) (Algvere 1966; Tarasov et al. 1998; Tchebakova et al. 2009 ). While in most records Pinus pollen is separated into Diploxylon and Haploxylon subgenera, a separation between the shrub and tree forms of the Haploxylon subgenus is impossible. Such a taxonomic limitation for Pinus might explain the relatively widespread occurrence of evergreen conifer forest in northeastern Siberia as revealed by the pollen data.
Potential driving forces of vegetation changes
The maps of the pollen-based biomes are generally consistent with the palaeovegetation patterns generated by the climate-model simulations (Fig. 6) . This consistency at a continental to subcontinental scale indicates that climate is the most reasonable mechanism responsible for the biome shifts over the last 40 ka. Therefore, results from the climate sensitivity assessment should be particularly helpful in determining which climatic factors are primarily responsible for the past vegetation changes. In the forest-steppe transition zone at lower latitudes (north-central China), the sensitivity tests indicate that precipitation is the primary driving force of vegetation change during the last glacial-interglacial cycle (Fig. 5) . Increases in forest biomes, which began during the last deglaciation, are widespread during the early Holocene. These biome types are reduced and replaced by grassland during the late Holocene, possibly caused by the weakening of the summer Fig. 4 The distribution of biomes simulated by BIOME4 at 21, 14, 9, 6, and 0 cal ka bp in comparison with pollen-based biomes monsoon (e.g. Cheng et al. 2016 ) as a result of the decline in summer solar insolation (Laskar et al. 2004) (Fig. 6) .
In contrast, the sensitivity tests indicate that temperature is the main driving force in the tundra-taiga transition zone in northern Siberia over the last 40 ka, although these tests also indicate that precipitation plays an important role during the transition from the last deglaciation to the early Holocene (Fig. 5 ). Low and high shrub tundra dominates the landscape during the last deglaciation reflecting the relatively warmer climate, replacing the graminoid and forb tundra of the cold LGM. Temperature increases between the last deglaciation and the early Holocene lead to a shift from ice-desert to tundra and from tundra to taiga in the north coast areas, while the widespread replacement of tundra by taiga in Siberia is explained by the joint effect of warmer climate (increases of up to 10 °C) and increased precipitation (increases of up to 400 mm) at 9 cal ka bp. The cooler climate at 0 cal ka bp induces the shift (only seen in the model) from taiga to tundra in northern Siberia and the Russian Far East during the late Holocene (Fig. 5) .
Biome changes in the taiga-steppe transition zone on the southern West Siberian Plain (Fig. 5 ) are driven by various Fig. 5 Biome changes between 21 and 14 cal ka bp, between 14 and 9 cal ka bp, between 9 and 6 cal ka bp, and between 6 and 0 cal ka bp (left panel, blue: grid-boxes with mega-biome transitions, white: no change within the time period). Right panel shows the climate factors responsible for the mega-biome changes according to a sensitivity study 1 3
forces. The expansion of deciduous taiga and the replacement of desert by temperate steppe and shrubland during the last deglaciation are likely caused by increased moisture availability to plants, either because of increased precipitation or an increase in CO 2 which raises the water-use efficiency of plants Nelson et al. 2004) .
Possible reasons for a vegetation-climate disequilibrium
The mismatch between pollen-based and simulated biome results may, to some extent, be related to a vegetationclimate disequilibrium, particularly for the evergreen needle-leaved forest expansion after ca. 7 cal ka bp in central Yakutia.
Besides climate, permafrost is another important driver that can influence regional-scale vegetation changes in Siberia. For example, a comparison of ten terrestrial ecosystem models, which exclude permafrost characteristics (Xia et al. 2017) , indicates that net primary productivity in permafrost regions is overestimated by an average of 10% by the models in comparison with satellite-derived estimates.
Climate-vegetation-permafrost interactions are complex and, not surprisingly, are often poorly represented in Earth System models. Most vegetation models (including the one used in this study) do not include permafrost at all. Taking as an example the deciduous shrub biome expansion at ca. 13 cal ka bp in central Yakutia, the presence of the shrubs could have buffered the permafrost from the impact of climate warming and thus preserved the permafrost from thawing deeply . Only shallow-rooting Larix forests could then invade such areas during the early Holocene, as indicated in the pollen-based biomisation. It is not until after about 7 cal ka bp that Pinus appears in the pollen records indicating that the active layer depth, at least in warm and sandy places and along riverbanks, was more than 1.5 m (Ermakov et al. 2002) . In contrast, the modelling results indicate that due to a cooler climate and related lower evapotranspiration, deciduous taiga replaces grassland between 9 and 6 cal ka bp in central Yakutia.
In addition to climate and permafrost, wildfire is an important or even major ecological factor in controlling vegetation succession and biodiversity in Siberia (Abaimov and Sofronov 1996; Abaimov et al. 2002) . Since ca. 7 cal ka bp, increased forest fire frequency (e.g. Shichi et al. 2009 ) has resulted in more open areas allowing the invasion of evergreen needle-leaved species into the cold deciduous forest.
Conclusions
Pollen-based biome reconstructions for key time-slices for northern, central, and eastern Asia largely correspond to vegetation changes simulated by a BIOME4 model that has been linked with GCM scenarios. The major patterns include: (1) the dominance of non-forest vegetation during the LGM; (2) the expansion of forest or shrub biomes since the beginning of the last deglaciation (ca. 15 cal ka bp); (3) maximum forest expansion during the early and middle Holocene; and (4) forest retreat in northern Siberia and north-central China during the late Holocene. The similarity between vegetation reconstructed through biomisation of pollen records and that simulated by the climate model indicates that the palaeovegetation changes are driven primarily by climate changes (including atmospheric CO 2 -concentration) at broad spatial and long temporal scales. The main climatic drivers can, however, produce notable regional differences. A mismatch between pollen-based and modelled biomes in central Yakutia during the Holocene probably originates from a vegetation-climate disequilibrium related to complex interactions between climate, permafrost, fire, and vegetation. (Cheng et al. 2016) ; Alkenone-derived sea-surface temperature (SST) from deep-sea cores SU8118 and MD952042 (Pailler and Bard 2002) ; Mg/Ca-derived SST from core ODP-984 (Came et al. 2007 ); Lena Delta (Meyer et al. 2015) ; solar insolation in January and July at 60°N (Laskar et al. 2004) 
